cell cycle could lead to significant genomic instability.
Genomic instability of mammalian cancer cells is mani-
promoter of rereplication rather than a deterrent to the process. Finally our results reveal a third mechanism by fested in chromosomal translocations, microsatellite instability, gene amplifications, and aneuploidy (Lengauer which eukaryotic cells avoid replicating their chromosomes more than once in a cell cycle: rereplication reet al., 1998). Defects in mismatch repair and in mitotic checkpoint control have been shown to be responsible sults in DNA damage, which causes DNA damage checkpoint pathways to activate the tumor suppressor for some of this instability. The tumor suppressor protein p53 is a major protector against genomic instability and protein p53, ultimately resulting in suppression of rereplication. is frequently inactivated in cancer cells (Prives and Hall, 1999; Vogelstein et al., 2000) . It is not known, however, whether p53 plays any role in preventing rereplication.
Results In this paper we demonstrate that overexpression of Cdt1, with or without its partner Cdc6, promoted rerepliOverexpression of Cdt1 and Cdc6 Promotes Rereplication cation, indicating the importance of the geminin-Cdt1 balance for preventing rereplication. In situ hybridization Since Cdt1 is the primary target of geminin for preventing reinitiation, we speculated that overexpression identified segments of the genome particularly susceptible to rereplication, and by extension, to genomic instaof Cdt1 might bypass the rereplication control imposed by geminin. Cdt1 was overexpressed in H1299 lung canbility through this pathway. Cyclin A stimulated rereplication, suggesting that active S phase cdk2 was a cer cells by infection with a recombinant adenovirus.
Forty-eight hours after infection, the cells were labeled were not stimulated by the coexpression of cyclin A (data not shown), ruling out an indirect mechanism by with BrdU to selectively label cells in active DNA synthesis. Flow cytometry of propidium iodide stained cells which cyclin A could stimulate rereplication. It is also of interest that overexpression of the G1 cyclin, cyclin revealed a significant fraction of the cells with DNA content greater than 4n, indicating some rereplication with-E, did not promote rereplication ( Figure 2D ), a result consistent with data in Xenopus egg extracts where out mitosis ( Figure 1B ). The cells with greater than 4n DNA incorporated BrdU during the hour-long pulse beexcess cyclin E-cdk2 inhibited replication initiation (Findeisen et al., 1999; Hua et al., 1997). fore harvest, indicating that most of them were alive and in active S phase ( Figure 1B) Figure 1E ). Overexpression of geminin partially inhibited the rereplication mediated by Cdt1ϩCdc6.
Overexpression of Cdt1 (by itself) led to a paradoxical
Rereplication Occurs without the Cells Passing through an Abortive Mitosis increase in geminin levels in the rereplicating cells (Figure 2A) . In order to confirm that there was free Cdt1
The positive role of cyclin A-cdk2 in promoting rereplication could be because the kinase drives the cells into an (uncomplexed with geminin) in the cell lines, we precleared all the geminin from these cell extracts before abortive mitosis, followed by degradation of the cyclin before chromosome segregation. The cells entering the immunoblotting for residual Cdt1 in the supernatant ( Figure 2B ). The results show that despite the induction next cell cycle without chromosome segregation would then accumulate greater than 4n DNA content in the of geminin, not enough of the protein is produced to associate with and inhibit all the overexpressed Cdt1. next S phase. To rule this out, we overexpressed Cdt1 and Cdc6 in cells arrested in S phase with aphidicolin, The increase in geminin was attributed to a 10-fold induction of geminin mRNA ( Figure 2C Further support that the greater than 4n DNA content was the result of relicensing of origins in the same cell cells undergoing rereplication (Figure 2A) , suggesting a positive role of the kinase in rereplication. Cdk1 kinase cycle came from measurement of the time to rereplicate segments of the genome. To determine how quickly activity was not increased (data not shown), suggesting that the elevated cyclin A-associated kinase was due origins refire, H1299 cells overexpressing Cdt1 and Cdc6 were labeled with BrdU for 2, 4, and 8 hr prior to to cyclin A-cdk2. To test whether cyclin A-cdk2 kinase was a positive factor for rereplication, the H1299 cells harvest. Density gradient centrifugation of the cellular DNA enabled us to separate heavy-heavy (rereplicated) were coinfected with viruses expressing cyclin A alone or in combination with Cdt1 and/or Cdc6 ( Figure 2D) .
DNA from heavy-light (singly replicated) DNA ( Figure  3A ). Heavy-heavy DNA was detected in cells infected Cyclin A alone promoted some rereplication and stimulated rereplication seen with Cdt1 alone, Cdc6 alone, or with adenoviruses expressing Cdc6 and Cdt1, but not control viruses expressing GFP, confirming the occurCdt1ϩCdc6. This result suggests that the S phase cdk2 kinase activity promotes rereplication in much the same rence of rereplication in the former. Although the heavyheavy peak was not distinct with 2 hr of BrdU labeling, way it is required for initiation of replication. Cdt1 levels Figure 4A ). MDM2 by itself did not induce rereplication, but promoted rereplication in A549 cells overexpressing Cdt1ϩCdc6. Therefore, a functional p53 appears to prevent rereplication.
Consistent with a role of p53 in preventing rereplication, the p53 protein level is increased in A549 cells overexpressing Cdt1ϩCdc6 ( Figure 4B ). This increase in protein is not accompanied by an increase in p53 mRNA level (data not shown). MDM2 prevented the induction of p53.
DNA Damage Checkpoint Kinases Are Involved in Activation of p53 in Rereplicating Cells
We next examined the upstream pathways by which (Figure 5D) . A similar increase was detected in cells overexConsistent with the activation of p53 in p53ϩ cells, the p53 responsive gene product, p21, was induced by pressing Cdt1ϩCdc6, suggesting the presence of damaged DNA in these cells. Phospho-H2AX levels were Cdt1ϩCdc6 in the p53ϩ IMR90 and A549 cells but not in the p53Ϫ cells ( Figure 6A ). The induction of p21 was increased when rereplication was permitted in these cells through inactivation of p53 by MDM2. Therefore, at the mRNA level and was suppressed by coexpression of MDM2 ( Figure 6B ), consistent with a role of p53 in the ATM/ATR-Chk2 checkpoint pathway was most likely activated by DNA damage resulting from the rereplithe induction. The p53 stabilization was accompanied by the induction of another p53 target, the proapoptotic cation.
H2AX (Rogakou et al., 1998). As reported, ␥ radiation of Proteins Downstream from Active p53 Protect Cells from Rereplication A549 cells led to an increase in the phospho-H2AX
We next tested whether the forks involved in rereplicagene PIG3 ( Figure 6B ). To test the protective effect of wild-type p53 in suption are essential for DNA damage and activation of the checkpoint pathway. p27, an inhibitor of cdk2, was pressing rereplication, an adenovirus expressing wildtype p53 was added to those expressing Cdt1 and Cdc6 overexpressed in A549 cells for 48 hr so that the cells were blocked in G1 ( Figure 5E ). Cdt1 and Cdc6 were in H1299 cells ( Figure 6C ). Since cells expressing p53 undergo apoptosis by 48 hr, the cells were harvested then overexpressed in these cells. Because of continued p27 expression, the cells remained arrested in G1 phase, 24 hr after infection. Expression of wild-type p53 suppressed rereplication in the H1299 cells in support of and p53 was not stabilized despite the overexpression of Cdt1ϩCdc6 (Figure 5F ). This result suggests that DNA the hypothesis that activation of p53 prevents origin refiring in response to Cdt1 and Cdc6 overexpression. damage and activation of the checkpoint response requires actual rereplication and is not simply due to overOverexpression of p21, one of the targets of p53, also suppressed rereplication induced by Cdt1ϩCdc6 (Figexpression of replication initiation factors . 
